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Introduction
U bt (τ)dτ and y adv (t) = y − t t 0
account for advection of the internal wave by barotropic flow U bt in the east-west direction and
106
V bt in the north-south direction. We introduce 107 x r = sin(θ ) x + cos(θ ) y and U rot = sin(θ ) U bt + cos(θ ) V bt
to represent the coordinates and advective motions projected into the direction of propagation of 108 the wave. In these new coordinates, the expression for the advected wave is simplified to 109 η(x r ,t) = A sin k x r − t t 0 U r (τ)dτ − ωt + B.
In a coordinate system moving with the component of barotropic flow in the direction of wave 110 propagation, say x , where 111
x (x r ,t) = x r − t t 0 U r (τ)dτ = sin(θ ) x adv + cos(θ ) y adv ,
the equation has the familiar form η(x ,t) = A sin (kx − ωt) + B.
113
In the transition to a stationary coordinate system, as at a mooring where x and y are fixed, 
The observed waveform is strongly dependent on the barotropic/baroclinic phase difference Φ 0 ,
119
which is a function of x r (distance along the direction of wave propagation). Therefore, the ob-120 served wave and its energy and spectral characteristics also vary in x r . The phase offset between 121 the barotropic tide and the mode-n baroclinic tide can be written
where k n is the horizontal wavenumber of the mode-n internal tide and k 0 is the horizontal 123 wavenumber of the barotropic tide. k 0 is generally much smaller than k n , so Φ 0 ≈ k n x r . A π 124 radian difference in Φ 0 corresponds to ∼ 1 2 λ n , where λ n is the horizontal wavelength of the n th -125 mode internal tide.
126
The physics at work are similar in nature to a Doppler shift; the observed frequency changes as a 127 result of the wave moving relative to the observer. The key difference is that the frequency of mo-
128
tion is close to that of the wave being observed. In a standard Doppler shift, ω shi f ted = ω true ±Uk,
129
but this formulation is insufficient to describe the observed waveform when the wave and advec-the normalized barotropic flow speed, U/c, as well as the phase offset between the baroclinic and 
155
The criteria that U/c be large is equivalent to the flow having a large tidal excursion length scale.
156
With a large tidal excursion, many crests and troughs may be advected past a fixed observer. An 157 important note, though, is that this ratio is a property of the internal wave being considered. Higher example, if h(t) represents the depth of the thermocline, h(t) might be decomposed into h(t) = 165 h(t)+h (t), where h is the perturbation associated with a wave and the overbar indicates averaging 166 over some integer number of wave periods. For a linear internal wave, h = 0. When U/c > 0, 167 however, the time-average of wave properties observed at a fixed location may be non-zero (as in Figure 1 ), leading to an non-zero offset in the average observed thermocline depth h . This bias term is a function of both Φ 0 and U/c (Figure 2 with the meridional velocity perturbation v . If h is at a maximum (as in Figure 1b ), then v = 0
184
(π/2 radians offset), but u is also at a maximum. The depth-averaged flow remains zero for 185 baroclinic motions, and there is therefore no net mass flux as a result of the advective interaction.
186
However, in the upper and lower layers, u = 0 corresponds to time-averaged across-shore flow.
187
At these locations, a mooring will observe time-averaged across-shelf flow in each layer. The 188 direction of across-shelf flow reverses every half-wavelength. On the other hand, if h = 0, then 189 u = 0, but v is at a maximum or minimum, corresponding to time-averaged along-shore flow.
190
Assuming the phase offset Φ 0 is constant in time at a given location, as for locally-generated 191 internal waves (Nash et al., 2012) , the bias cannot be removed by extending the averaging time 
230
The results in MacKinnon and Gregg (2003) are consistent with these findings. They examined 231 low-pass-filtered energy (M 2 and M 4 ) in vertical modes 1 through 5 and found that, although a 232 strong peak in M 2 energy was present in the lowest modes, it was absent in the higher modes.
233
For a given barotropic flow, higher-vertical mode waves have higher values of U/c in general, and 234 therefore will have less energy in lower harmonics. As the barotropic tidal amplitude increased,
235
MacKinnon and Gregg (2003) found changes in the partitioning of energy between vertical modes, 236 but no clear explanation for which modes had energy. This mirrors the results in Figure 6 , which
237
show the oscillations of first and second harmonic amplitudes at large values of U/c.
238
The spectral energy contained in the observed signal, obtained by integrating the power spectra, waves at the higher harmonics, similar to the processes described in detail by Bell (1976) . The aforementioned shifts in observed energy, both spatially and towards higher frequencies, it may introduce a bias into wave field estimates.
281
There are many sources of variability in the ocean, and identifying the variability associated 282 with one particular process, such as the internal tide, is not easy. A standard analysis technique 283 is to filter data using a low-pass or band-pass filter to selectively retain the processes of interest. case only an artifact of a low-pass filter applied to advected internal waves.
305
The variation of harmonic fit phase with U/c is less important for baroclinic energy fluxes, but 306 is relevant when considering the likelihood of local or remote generation of the internal tide, where
307
'local' implies constant phase offset relative to the barotropic tide and 'remote' is associated with a phase offset that changes in time (e.g., Nash et al., 2012 ). In our model, the phase of a harmonic tide has a constant phase offset relative to the local barotropic tide, the phase of the M 2 harmonic 315 fit to the observed internal tide will vary as U/c increases. Similarly, as stratification changes,
316
whether due to seasonal heating and cooling or a one-off mixing event, the internal wave speed 317 will change, altering U/c. Changes in stratification also change the wavelength of the internal tide,
318
which may alter its phase offset relative to the local barotropic tide by modifying k n in Equation 2.
319
These effects may lead to the locally-generated internal tide being at least partially miscategorized 320 as remotely-generated when separating locally-and remotely-generated tides on the basis of local 321 coherence. In light of our results, a reexamination of baroclinic flux estimates in shelf seas may be needed. averaging spatially over one baroclinic wavelength, they avoided the spatial bias in energy fluxes.
344
By limiting the amount of filtering done, energy shifted to higher frequency contributed to the 345 total, rather than being filtered out. It is not entirely surprising, therefore, that their across-shelf 346 baroclinic energy flux estimates are much larger than others in the same region (O(100 W m −1 ))
347
( Green et al., 2008; Hopkins et al., 2014) .
348
One concern with the second approach (F = Ec g ) is the problem of partitioning energy between 349 different vertical modes. The best estimate is of the form
Higher mode waves dissipate over shorter horizontal length scales than low modes, so we expect 351 most of the energy away from generation sites to be in the lowest modes. However, the mode- Tidal energy conversion is directly proportional to U, and barotropic velocities generally in-
362
crease as water depth decreases, whereas baroclinic wave speeds decrease. Therefore, we expect 363 that the bias presented here will be present at most shallow internal tide generation sites and will 364 be most pronounced in shelf seas with strong barotropic tides. To estimate the parameter U/c, we 365 first calculated dynamical mode estimates of the mode-1 internal wave speed for the M 2 internal 366 tide by solving the wave equation,
where N is the buoyancy frequency, ω is the wave frequency, f is the inertial frequency,
368
and k is the horizontal wave number of the internal wave. Stratification profiles were de- spatial variability in internal tides may be less complicated than has been thought.
442
Our results suggest that correcting for the low bias in energy flux estimates in the Celtic Sea 
